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~~~~~ mantle ind i cate tha t all of the data can be explained
* satisfactorily by a single model which is isotropic In Its elastic

properties , This model includes a surface layer of l ow-velocity sediments ,
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from 3.4 to 3.7 km/sec with increasing depth , by l ower crusta l shear-wave
velocities between 4.0 and 3,8~ km/sec, and by an upper-most mantleshear-wave veloc i ty of about 4.8 km/sec. The fundamenta l -mode data of this
study do not require a low—velocity zone in either the crust or upper
mantle. Higher-mode velocities and wave forms , althoug h having potentially
greater resolving power than the fundamenta l -mode data, were too
i nconsistent to contribute to the elucidation of detailed features of the
crust-upper mantle model.
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Abstract

Single—station group velocities at periods between 4 and 70 seconds

and single—station phase velocities at periods between 10 and 50 seconds

are obtained for a broad region of the eastern United States for both

Rayleigh and Love waves. These data were obtained by the single—station

method using earthquakes with known fault—plane solutions in the central

United States. The group velocity data are combined with earlier

acquired attenuation data to yield Q values for Rayleigh and Love waves

in the eastern United States. Inversions of the dispersion curves for

shear—velocity models of the crust and upper mantle indicate that

all of the data can be explained satisfactorily by a single model

which is isotropic in its elastic properties. This model includes

a surface layer of low—velocity sediments, and is characterized by

upper crustal shear—wave velocities which increase from 3.4 to

3.7 km/sec with increasing depth , by lover crustal shear—wave

velocities between 4.0 and 3.8 km/see , and by an upper—most mantle

shear—wave velocity of about 4.8 km/see. The fundamental—mode data

of this study do not require a low—velocity zone in either the

crust or upper mantle. Higher—mode velocities and wave forms,

although having potentially greater resolving power than the

fundamental—mode data, were too inconsistent to contribute to the

elucidation of detailed features of the crust—upper mantle model.
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Introduction

Surface wave group and phase velocities have provided important

information on the properties of the crust and upper mantle in various

regions of the Earth. Their usefulness is partly due to their

sensitivity to shear wave structure; thus they can provide information

which is often difficult to obtain from body wave studies. A second

advantage is that no special assumptions or procedures are necessary

to invert surface wave data for models which include low—velocity zones.

Most surface wave studies of crust—upper mantle structure have employed

either phase or group velocities. Studies by Bloch et el. (1969) and

Yu and Mitchell (1978) have, however, emphasized the desireability of

employing both phase and group velocities to invert for structure.

Surface waves are most useful for studying structure in regions that

are devoid of large—scale lateral property changes. Results of seismic

refraction and other geophysical studies suggest that the eastern and

central portions of North America are such suitable regions. Crust—upper

mantle models for those areas have previously been obtained by Brune and

Dorman (1963) using Love and Rayleigh iaves crossing the Canadian shield ,

by McEvilly (1964) also using Love and Rayleigh waves in the central

United States, and by Mitchell (1965) who used only Rayleigh waves to study

a broader region of the east—central United States. Bisvas and Knopoff (1974)

used long—period Rayleigh waves to obtain upper mantle models for the central

United States, as well as for other regions of North America. In later

sections, we will refer particularly to the models of McEvilly (1964) since

they were obtained for a region which corresponds most closely with the 

__________ _____ ‘1
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region of the present study. All of the above references employed only phase

velocities. We have used group velocity, as well as phase velocity, data

in an attempt to obtain a new, more detailed ,crust—upper mantle model for

the east—central United States.

An interesting feature of the study by McEvilly (1964), was that a

single isotropic model for the crust and upper mantle could not be found

which would explain both the Love wave and Rayleigh wave data. He gave

three possible explanations for that result: (1) that the upper mantle or/and

lower crust are anisotropic in their elastic properties, (2) that systematic

errors occur in the fundamental—mode phase velocities due to interference

by higher modes, and (3) that his model, which included three crustal

layers and four upper mantle layers was too simplified to completely explain

his data. Thatcher and Brune (1969) suggested that the second of these

explanations was likely to be the correct one. Boore (1969), however ,

argued that higher—mode interference would produce a large scatter , but

no uniform bias, if data were obtained from an ensemble of sources.

Two developments since the study of McEvilly (1964) have led us to attempt

to obtain a new shear—velocity model for the central and eastern United

States. First, a new data set including both group and phase velocities

has been obtained using central United States earthquakes with known fault—

plane solutions. Second, inversion techniques are now available which

permit us to consider models which are more complicated than those of McEviily (1964

We will invert the fundamental—mode Love— and Rayleigh—wave data, both

simultaneously and separately, to investigate the possibility of anisotropy

in crust—upper mantle properties. This approach of using isotropic inversion

methods to study anisotropy is not strictly valid (Cramp in, 1970, 1976). r
It will, however, provide an indication of the severity of any anisotropy

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~
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that might be present. In addition , synthetic seismograms, incorporating

the fundamental mode and several higher modes will also be constructed in

an attempt to investigate features of the resulting models which cannot

be resolved using only the fundamental mode.
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Sources

A fault—plane solution for only one central United States earthquake,

that of November 9, 1968, has been determined using teleseismic P—waves

(Stauder and Nuttli, 1970). Although numerous other earthquakes have

occurred there, especially in the New Madrid seismic zone, they have been

too small to be amenable to study by the classical method of teleseismic

P—wave first motions. Mitchell (1973a ,b) however , showed that surface

waves are a valuable tool for determining depths and fault—plane solutions

for relatively small earthquakes in that region in studies of the southeastern

Missouri earthquake of October 21, 1965. He adopted a method similar to

that devised by Tsai and Aki (1969). The use of surface waves has made

it possible to obtain depths and fault—plane solutions for several central

and eastern United States earthquakes (Herrmann, 1974 , 1978). A number

of these events will be used as sources of the surface data in the present

study.

1
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Data

Our data were obtained for paths between earthquake sources in the

central United States (Table 1 and Figure 1) and numerous stations in the

central and eastern United States. Phase velocities were determined using

the single—station method (Brune et al., 1960). By using earthquakes with

known fault—plane solutions, the phase and group velocities can be corrected

for the initial phase and group delay at the source (Knopof I and Schwab, 1968).

The group velocities nf this study were obtained using the multiple—

filter method (Dzievonski et al., 1969; Herrmann, 1973). Spectral amplitudes

associated with the fundamental mode can 1- separated from higher modes and

noise; thus a fundamental—mod e group veloci’v value can be obtained wh ..ch

is not contaminated by higher—mode interference.

The group velocities of this study were obtained as by—products of

source mechanism and surface wave attenuation determinations (J(errmann, 1974).

Those determinations included data from numerous paths to seismograph

stations in both eastern and western North America. That body of data,

after correction for the group delay at the source, is plotted in Figure 2.

The large scatter in the data can be attributed to several factors, including

regional variations in surface wave velocities, the inclusion of data with

low signal—noise ratios, possible mode misidentification, and incorrect

adjustment for initial phase due to departures of the actual focal mechanism

from the assumed fault—plane solution. (
In order to obtain a reliable data set pertaining to the eastern

United States, the data of Figure 2 have been windowed in several ways. An

azimuth window (340° — 135°) and a distance window (300 - 2000 kin) were

___________________________________________ ____________________________ _____________ ________ 
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first applied to the data. The azimuth window restricts our region of

study to a section of the United States centered south of the Great Lakes,

and omits data for paths in the western and southern United States where

significant changes in shear wave structure may occur (Biswas and Knopoff ,

1974). The distance window removes data obtained at short distances where

possible incorrect initial phase assumptions cause the largest errors in

phase and group velocity determinations , and at large distances where effects

of lateral structural changes, such as surface wave lateral refraction and

multi—pathing are most severe. The data have also been windowed according

to their amplitudes. For each event, data having spectral amplitudes smaller

than one—fifth the maximum amplitude at the given period were excluded . This

process removes data which are associated with nodes in the surface wave

source radiation patterns, and which consequently have a low signal—noise

ratio. In addition , a few group velocity points which are clearly removed

from the main trend of the data, and probably correspond to noise or

higher—mode maxima rather than to the fundamental mode , were deleted from

the final data set. The windowed data appear in Figure 3. It is clear that

a considerable reduction of scatter has resulted from the windowing process.

The great preponderance of surface wave paths are restricted to a

region which extends northward from the source region to the Great Lakes

and eastward from the source region to the Appalachian Mountains (see

Figure 1). A few short segments of path extend into Canada , to the east

coast, and to the southeastern United States. Therefore our data pertain

largely to the northeastern and north central United States, It is

worthwhile to inquire about the extent of lateral variations in elastic

properties through these regions since significant lateral variations r

r
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could bias our results. We ye addressed this question by considering

pertinent results of earlier surface wave studies , seismic refraction

studies, and investigations of Pn travel—times.

The most useful surface wave results bearing on this question are

those of Pilant (1972). Those data appear as contour maps of Rayleigh

wave phase velocities across the United States. Across the region of the

present study Pilant ’s velocities vary between 3.40 and 3.55 km/sec at a

period of 16 seconds , between 3.55 and 3.70 kin/sec at a period of 20

seconds, between 3.70 and 3.80 km/sec at a period of 25 seconds, between

3.90 and 4.00 km/sec at a period of 33 seconds, between 3.95 and 4.05 km/sec

at a period of 41 seconds, between 4.00 and 4.10 km/sec at a period of

51 seconds, and between 4.05 and 4.10 km/sec at a period of 64 seconds.

Those variations are comparable to the uncertainty of our observations.

In general, Pliant ’s maps suggest that although some lateral variations

occur across the region of interest, they are relatively minor.

Seismic refraction studies in the central United States (e.g. Stewart ,

1968, and Ocala and Meyer, 1973) as well as more easterly portions of the

central plains (Steinhart and Meyer , 1961) indicate crustal thicknesses

between 40 and 45 km. In the New York—Pennsy lvania region, however , a

crustal thickness of 36 km was obtained (Katz, 1955). Along the eastern

seaboard , and outside of our region of interest , the crust apparently

thins considerably. Pn velocities, as compiled by Herrin and Taggart

( 1965), are relatively uniform throughout our region of study, varying

only between 8.1 and 8.2 kin/sec .

Phase velocities were determined using the better recorded events of

Table 1. Spectral phases were obtained, and corrected for the initial phase

at the source. Phase velocities were calculated using the single—station

method (Brune et al., 1960). In using that method , a family of phase velocity

— rr-I~. ~~~~~~~~ .. — 
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curves are de term ined , each corresponding to a different integer N , which

occurs because there is an uncertainty of 2Nii in the observed phases.

The val ue of the in teger has been ob tained by compar ing the resu l t ing p hase

velocities for various N values to the phase velocities of McEvilly (1964)

and Biswas and Knopoff (1974) at longer periods.

Thatcher and Brune (1969) have pointed out tha t the velocities of

long—period , fundamental—mode Love waves can be in error jf there is significant

in terference wi th higher—mode Love waves. Difficulties due to interference with

higher modes are apt to be most severe if the distance betweeo t~~” source and

receiver includes a segment of oceanic path. Although there are no por tions of

ocean ic pa th in the presen t study ,  it is still worthwhile to inve:tigate the

level of excitation of higher modes relative to that of the fundamental mode.

Spec tral amp li tudes observed a t a recording station will depend upon the

dep th and fo cal mechan ism of the ear thquake source , as well as upon the

elastic and anelastic properties of the crust and upper mantle between the

source and receiver. Spectral amplitudes for the fundamental Love mode

and nine higher modes were compu ted us ing the for mu la tion of Levsh in and

Yanson (1971) for the case of the earthquake of October 21 , 1965 (Figure 4).

The crust—upper mantle model used in the calculations is that obta ined

from Rayleigh waves as described in the following section . Spectra were

determined for two source depths: 4 km, as ob tained for  this ear thq uake

by Mitchell (1973a), and 15 km. The latter depth was chosen in order

to illustrate the effect which variations in source depth have on the

spectra. In both cases, at periods greater than about 10 seconds , the

higher—mode amplitudes are down by more than an order of magnitude

below those of the fundamental mode. We expect therefore , that ~~r Love

_ _ _ _ _  . 5  
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wave data will not be significantly biased by the presence of higher

modes.

Uncertainties in surface wave group and phase velocities can be

determined from travel—time uncertainties associated with digitizing errors ,

inexac t estima tes of the ini tial phase at the source , uncer tainties in

origin time and source loca tion , the e f f e c ts of source f in i teness , and

the limi ted precision with which we can read group and phase travel times.

We es timate the maximum uncer tain ties in the group and phase travel t imes

to be about 8 seconds. At a distance of 1000 kin, this time uncertainty

leads to velocity uncertainties between 0.1 and 0.15 km/sec . The data

points of Figure 3 exhibit a spread of about that much. The data used

for  inversion and the ir standard devia t ions are p lotted in Figure 5. The

standard deviations were calculated for all periods at which there were

three or more data points. In cases where two data points were available ,

a standard deviation of 0.1 was used , and in cases where only one data

point was obtained , a standard deviation of 0.15 was used .

Table 2 presents the mean group and phase veloc ities ob tained in

this study. Combining the group velocity data with values for surface wave

attenuation coefficients (Mitchell , 1973a ; Herrman and Mitchell , 1975) f or

the eastern United States allows us to tabulate Q values for Rayleigh and

Love waves in that region. These values are also listed in Table 2.

Our observed group and phase velocity data are compared with

theoretical values for three models of McEvilly (1964) in Figure 5. That

set of models was derived from phase velocity data only and Includes

(1) a model which is isotropic at all depths , (2) a model which Is

anisotropic only in the upper mantle , and (3) a model which Is

anisotropic in both the upper mantle and lower crust .. The last of :
______ — 

-- 
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these models provided the best fit to McEvilly ’s data. The comparisons

in Figure 5 indicate that the phase velocities for McEvilly ’s model

which is anisotropic in both the lower crust and upper mantle fit the

present set of phase velocity data quite well. This result indicates

that the phase velocity data of McEvilly (1964) were not severely

biased due to higher—mode interference.

The Rayleigh wave group velocities predicted by the same model also

f i t our observed da ta well , except at the shortest periods. The

lower observed group velocities at those periods suggest tha t a

low—velocity sedimentary layer is required for any eastern United

States model. None of the Love wave group velocity curves predicted

by McEvilly ’s models correspond very well to our observed group

velocities. •Fi tting these data , as well as the phase veloc it ies

and Ray leigh wave group velocities , will apparently require a more

complicated model for the eastern United States than any which is

presently available.

,J.
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Models Ob tained From Inver sion

Shear wave models were obtained from the surface wave data using

modern inversIon theory (Bachus and Gilbert , 1970) in stochastic form

(Der et al., 1970; Jordan and Franklin , 1971). The program we have used

for the Inversions was written by W. L. Rodi and emp loys the surface  wave

algori thm of Harkrider (1964) and efficient methods for computing partial

derivatives (Rodi et al., 1975). We have assumed that the compressiona l velocities

and densities are known and have solved only for the shear velocities . Several

compressional wave crustal models for the eastern United States are available.

Two of these (McCamy and Meyer , 1966; Mitchell and Hashim , 1977) pertain to the

region near the sources used in this study. These models are qu ite similar

to one another and both include three crustal layers , in add it ion to sur face

sediments. We have taken the model of Mitchell and Hashim (1977) as the

crustal coinpressional wa’e model for this region and those velocities have

been fixed in all of our inversion attempts. Our starting shear wave model

for the crust was determined from the compressional wave model by assuming

a Poisson ratio value of 0.25. The startIng upper mantle model is based

upon the model of McEvIlly (1964), but has been modified to better exp lain

our group velocity data. The starting shear velocity model appears as a

dotted line in each of the models of Figure 6.

Figure 6 presents shear velocIty models and th~ ir standard deviations

resulting from the inversion of the combined Rayleigh— and Love—wave data ,

from the Rayleigh—wave data only, and from the Love—wave data only. The

combined inversion yielded a shear wave value of 1.53 km/~ec for the upper

0.25 km of the model and an average value of 3.06 km/sec for the next 0.75 km.

Large uncertainties are associated with these values . Resolving kernels for these

models are given in Figure 7 and comparisons between the observed and theoretical

velocities for the models appear in Figure 8. During the inversion process the

____— - - - .  -- ...-5 - 5-. . 
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theoretical phase and group velocities were corrected for sphericity

according to methods described by Schwab and Knopoff (1972).

As indicated by Figure 6, there are no significant differences between the

three models, except perhaps in the lower crust where the shear velocities

obtained from the inversion of Love waves (SH) are faster than the shear

wave velocities obtained from the inversion of Rayleigh waves (SV) or of the

combined data. With the exception of only one value, the upper mantle

velocities are always within one standard deviation of the starting model.

It is apparent, when the standard deviations and resolving kernels are

considered , that an upper mantle low—velocity zone, if present, cannot be

resolved by the data. This result was also noted by Biswas and Knopoff (1974).

The small velocity decrease at a depth of 65 km occurs because a velocity

decrease was present in the starting model at that depth and is not resolvable

in the final model.

The relative sharpness of the resolving kernels for crustal depths

suggests that we should be able to resolve much more detail in the crust

than in the mantle. There are no significant differences among the three

models of the crust at depths shallower than about 30 km. At greater

depths, however , the shear velocities obtained using Rayleigh waves are

lower than those obtained using Love waves. They also exhibit a decrease

in value with increasing depth. These results perhaps suggest the

possibility of both a low—velocity zone and polarization anisotropy near

the base of the crust. Before reaching these conclusions, however , it is

necessary to consider the resolving kernels and standard deviations

corresponding to that depth range. Figure 7 indicates that the resolving

kernels f or those depths have a width of about 25 km or slightly more.

_ _ _- ~~~~~~~~~~~~~~~~ 
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Since the thickness of the possible low—velocity layer is less than 20 kin,

this feature, if present , cannot be resolved using the present fundamental—

mode dispersion data.

The th.oretical velocities for the three models appear in Figure 8.

Almost all of the data agree with the theoretical curves within one standard

deviation. The only clear exception is one Love wave phase velocity value at a

period of 35 seconds which differs from the theoretical velocity for the model

obtained from the combined inversion by a small amount . As might be expected ,

the theoretical velocity values for the models obtained from separate inversions of

the Love— and Rayleigh—wave data correspond more closely to the observed values

than do the theoretical values for the model from the combined inversion.

Although this better f i t  could occur because of anisotropy in the crust or upper

mantle in the eastern United States , we do not cons ider that the improvament in

fit is substantial enough to warran t tha t conclusio n at the present time.

.1
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Synthetic Seismograms

The results of inversion of the fundamental—mode dispersion data

indicate that there are no resolvable differences among the three models

of Figure 6. It might be possible, however, to use higher—mode information

to investigate features of these models im more detail. For example , the

shear velocity at the top of the mantle (5) is higher for the model

obtained using both Rayleigh and Love wave (R+L) data than it is for

the model obtained using only Rayleigh wave (R) data. The R+L model

compensates for the higher S velocities by having lower shear wave

velocities in the lower crust that those which occur in the R model.

A further question which we might address using the synthetic seismograms

concerns the existence of the low—velocity zone in the lower crust , suggested

by two of the models in Figure 6. As stated earlier , we cannot resolve

this feature using fundamental—mode dispersion data alone. Jordan and

Frazer (1975) have inferred such a low—velocity zone in the lower crust

of eastern Canada from the amplitudes of S to P converted waves at the

base of .the crust.

Higher mode data could contribute detailed information on the

shear velocity of the crust If it is of sufficient quality. The higher

mode group velocity data which we obtained , however , exhibits

considerable scatter, and is not of sufficient quality to use for

inversions for structures. We have attempted to study possible detailed

features of our models by computing synthetic seismograms which include

the effects of the fundamental and several higher modes (Tsai and Aki, 1970),

and comparing these to the observed seismograms at several stations. The

synthetics incorporate anelastic attenuation using values from Herrmann r
and Mitchell (1975).

-— — e~~~W-;~ • 
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Figure 9 shows the observed Rayleigh wave seismograms (vertical

component), and the Love wave seismograms (transverse component) obtained

from a coordinate transformation of the observed east—west and north—south

components, for the October 21, 1965 earthquake, as recorded at four

stations. These stations, MDS, ASAN, BLA, and Am, were selected because

they are located at azimuths which avoid nodes in the surface wave radiation

patterns; thus they provide well—recorded surface waves with a good

signal—noise rat 1OA -

The synthetic seismograms for the R+L, the R, and the L models appear

in Figure 10. it is apparent that differences between the Rayleigh wave

seismograms and between the Love wave seismograms for the different models

are not very great. It is also apparent that although the major features of

the synthetics agree with those of the observed seismograms, detailed

comparisons are not possible. We therefore have no basis for selecting one

model over the other, either in comparing model R to R+L, or in comparing

model L to R+L. Moreover, there is no reason to propose more than a

single isotropic model to satisfy the presently available surface wave

data for the eastern United States.

Synthetic seismograms were also computed for models with and without a

low—velocity zone in the lower crust. Differences between the synthetic

seismograms for the two kinds of models at the various stations were even

less substantial than those of Figrue 10. It is not possible therefore,

to come to any conclusions concerning the existence or absence of a

low—velocity zone in the lover crust of the eastern United States from

the presently available surface wave data.

— 5 5- —--—————--———.—5——— . . —
~~~~~~

--—-- I

- ~~~~ TT ,

~

. 
-.—

~~

• . -~



• - -
~~~ 

w- — - --

17

Conclusions

An isotropic model for the crust and upper mantle of the eastern

United States can be obtained which satisfies both fundamental—mode Love

and Rayleigh wave phase and group velocity data within one standard

deviation. Shear velocities in the upper crust of this model increase from

3.4 km/sec to 3.7 km/sec with increasing depth. Shear velocities in the

lower crust lie between 4.0 and 3.8 kin/sec. Although the model resulting

from the inversion process exhibits decreasing velocity with increasing depth

in the lower crust, this resulting low—velocity zone cannot be resolved

using the data available to us. The uppermost mantle for this model has

a shear wave velocity of about 4.8 km/sec. Although a modest low—velocity

zone may be present in the upper mantle, one is not required.

Models resulting from separate inversions of the Rayleigh and Love

wave data provide slightly better agreement with the observed dispersion

data. This result suggests that the lower crust and/or upper mantle of

this region could be anisotropic in its elastic properties. The observations

are not definitive enough, however , to establish the existence of anisotropy .

For the present, therefore, a single isotropic model for the crust and upper

mantle of the eastern United States is sufficient to explain all of the

surface wave data for that region.

The short—period group velocity data for the eastern United States

require the existence of a layer of low—velocity sediments overlying the
I

crust.
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Figure Captions

I’

Figure 1. Map indicating the location of earthquake sources and seismograph

stations in eastern North America from which data used for surface wave

inversion were obtained.

Figure 2. All group velocity data obtained using the central United

States earthquakes of Table 1. These data were obtained from

numerous stations throughout eastern and western North America

without regard to regionality or signal—noiae ratio.

Figure 3. Group velocity data which pertains only to eastern North

America between the sources and seismograph stations shown in

Figure 1. These data remain after windowing to exclude paths

outside the distance range 300—2000 kin, and outside the azimuth

range 340° — 135°. Paths along azimuths from nodes in the

surface wave radiation patterns have also been excluded .

Figure 4. Theoretical amplitude spectra for the fundamental—mode (F)

and nine higher—mode Love waves generated by the earthquake of

October 21 , 1965 at a depth of 4 km (left), and by an earthquake

with the same fault—plane solution, but at a depth of 15 kin (right).

Figure 5. Phase and group velocity data and the standard deviations which

were used for inversion plotted with theoretical values for

models of McEvilly (1965). The solid lines, the short dashes, and

the long dashes pertain to models which are isotropic , anisotropic ,

anisotropic in the upper mantle, and anisotropic in the lover

crust and upper m antle, respectively.

• Figure 6. Shear velocity models with standard deviations which have resulted

from the inversion of both Rayleigh and Love waves (left), Rayleigh waves

only (center), and Love waves only (right). The dotted lines denote the

starting model used for the inversion process.
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Figure 7. Resolving kernels for the models of Figure 6.

Figure 8. Phase and group velocity data used for inversion and

theoretical values pertaining to the models of Figure 6. The

solid lines correspond to the inversion of the combined Love—

and Rayleigh—wave data and the dashed lines correspond to

separate inversions of the Love— and Rayleigh—wave data.

Figure 9. Seismograms recorded at stations MDS, AAM, BLA, and ATh for

the earthquake of October 21 , 1965. The seismograms for transverse

motion were obtained from a coordinate transformation of the

east—west and north—south components. The zero times correspond

to the beginning of digitization.

Figure 10. Synthetic seismograms corresponding to the event and

stations of Figure 9 for models obtained from a simultaneous

inversion of Rayleigh and Love wave data (left), from an inversion

of Rayleigh data only (upper right), and from an inversion of Love

wave data only (lower right). The starting times for each three—

minute segment do not necessarily correspond to the starting times

in Figure 9. The two second noise results because a boxcar

filter with a sharp cutoff at 0.5 hz was used in the generation of

the seismograms.
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